The development of wearable electronics, point-of-care testing, and soft robotics requires strain sensors that are highly sensitive, stretchable, capable of adhering conformably to arbitrary and complex surfaces, and preferably self-healable. Conductive hydrogels hold great promise as sensing materials for these applications. However, their sensitivities are generally low, and they suffer from signal hysteresis and fluctuation due to their viscoelastic property, which can compromise their sensing performance. We demonstrate that hydrogel composites incorporating MXene (Ti 3 C 2 T x ) outperform all reported hydrogels for strain sensors. The obtained composite hydrogel [MXene-based hydrogel (M-hydrogel)] exhibits outstanding tensile strain sensitivity with a gauge factor (GF) of 25, which is 10 times higher than that of pristine hydrogel. Furthermore, the M-hydrogel exhibits remarkable stretchability of more than 3400%, an instantaneous self-healing ability, excellent conformability, and adhesiveness to various surfaces, including human skin. The M-hydrogel composite exhibits much higher sensitivity under compressive strains (GF of 80) than under tensile strains. We exploit this asymmetrical strain sensitivity coupled with viscous deformation (self-recoverable residual deformation) to add new dimensions to the sensing capability of hydrogels. Consequently, both the direction and speed of motions on the hydrogel surface can be detected conveniently. Based on this effect, M-hydrogel demonstrates superior sensing performance in advanced sensing applications. Thus, the traditionally disadvantageous viscoelastic property of hydrogels can be transformed into an advantage for sensing, which reveals prospects for hydrogel sensors.
INTRODUCTION
Hydrogels comprise an interesting class of viscoelastic materials that are composed of three-dimensional (3D) networks of hydrophilic polymers that are cross-linked, chemically or physically, with the capacity to absorb and retain a large amount of water. Conductive hydrogels have recently emerged as promising materials for applications such as wearable electronics, soft robotics, and prosthetics. These applications require sensors to be highly sensitive, stretchable, and easy to adhere to arbitrary and complex surfaces, such as human skin (1) (2) (3) (4) . However, hydrogel-based electromechanical sensors generally exhibit relatively low sensitivity, and as viscoelastic materials, their electromechanical responses to external forces convey unstable noises with hysteresis and fluctuation due to unexpected viscous deformations (5) (6) (7) . Recently, researchers have used a special class of conductive nanofillers, whose geometry and conductivity can both be changed by deformations, to improve the sensitivity of strain sensors (8) (9) (10) (11) (12) . Although these nanofiller networks can improve sensitivity, they still cannot overcome the limitations that originate from viscous deformations (9, 13) . In addition, these nanofillers usually cannot maintain their deformed network structure because of their easy motion within the hydrogel matrix and possible rearrangement of the network structure by an electric field (14) . This consequently compromises sensing reliability.
MXenes refer to a booming class of 2D early-transition metal carbides/carbonitrides that have hydrophilic surfaces and high electrical conductivity (15, 16) , which renders them promising for applications such as electrochemical energy storage devices (17) (18) (19) (20) . Recently, MXenes have been demonstrated to be potentially useful materials for electromechanical sensors with high strain sensitivity because of the substantial change in interlayer distance in response to external pressure in addition to their favorable mechanical properties (21, 22) . Here, we propose MXenes as conductive fillers in hydrogels because, in addition to their high strain sensitivity, MXene nanosheets have abundant surface functional groups (-OH, -F, -O, etc.), which produce negatively charged hydrophilic surfaces (23) . These surfaces can significantly improve the mechanical properties of hydrogels, such as elastic modulus and stretchability, through the formation of a unique clay-polymer network structure that is cross-linked with uniformly dispersed clays and densely entangled polymer chains (24) (25) (26) . Furthermore, the high density of surface functional groups, such as -OH, can increase the number of hydrogen bonds in the hydrogel system, thereby improving the self-healability of hydrogels (27) .
Here, we demonstrate for the first time that MXene-based hydrogel (M-hydrogel) exhibits extremely high stretchability, instantaneous selfhealability, and excellent conformability and adhesiveness to various surfaces, including human skin. The performance of the M-hydrogelbased sensor exceeds that of all previously reported hydrogel strain sensors. The preparation method is simple and involves mixing MXene (Ti 3 C 2 T x ) nanosheets with a commercial low-cost hydrogel that is commonly used in toys, namely "crystal clay," which is composed of poly(vinyl alcohol) (PVA), water, and antidehydration additives. We show that the addition of MXene nanosheets can significantly improve the strain sensitivities of hydrogel, and we demonstrate that M-hydrogel exhibits much higher sensitivity under compressive strains than under tensile strains. As a result of the asymmetrical strain sensitivity and viscous deformations (self-recoverable residual deformation), the M-hydrogel sensor presents distinguishable, resistance-dependent patterns from a series of deformations that occur when an object moves on its surface. On the basis of this mechanism, M-hydrogel can conveniently detect both the direction and speed of motions without a complex circuit design. These unique sensing characteristics have not been previously used to add extra dimensions to the sensing capability of strain sensors.
RESULTS
Titanium carbide MXene (Ti 3 C 2 T x ) nanosheets were prepared through etching and delamination of a layered metal carbide precursor known as MAX (Ti 3 AlC 2 ) in accordance with a previous report (28) (fig. S1A ), thus producing MXene nanosheets in the size range of 1 to 5 mm (Fig. 1A, left) . The high quality of the obtained MXene nanosheets was proven by highresolution transmission electron microscopy (HRTEM; Fig. 1A , upper right and lower right), Raman spectroscopy ( fig. S1B) , and x-ray diffraction (XRD; fig. S1C ). The obtained MXene nanosheets were manually mixed with a commercial hydrogel, crystal clay, which contains PVA, water, and antidehydration additives. The obtained M-hydrogel exhibits impressive stretchability, as Fig. 1B illustrates. A rectangular piece of M-hydrogel with a length of 2.5 cm can be easily stretched to more than 86 cm, which translates to a stretchability of at least 3400% ( Fig. 1B and movie S3 ). In comparison, the same volume of pristine hydrogel can only be stretched to 55 cm at most, which indicates a maximum stretchability of less than 2200% ( fig. S2A and movie S4). This improvement can be attributed to the creation of secondary crosslinking upon the addition of MXene nanosheets with negatively charged surfaces (23) into the hydrogel system. This can lead to the homogeneous dispersion of negatively charged nanosheets into the polymer network and narrow length distribution of polymer chains between the nanosheets (26) . This yields a densely entangled polymer network structure ( fig. S3A ), which increases the elastic modulus, elongation to break, and toughness of the composite hydrogel (24) (25) (26) . M-hydrogel also exhibits instantaneous self-healability, as two pieces of the M-hydrogel demonstrated the same stretchability before being cut as they did once they were gently reattached ( Fig. 1C and movie S1 ). In comparison, necking emerges at the reconnected interface of two cut pieces of the pristine hydrogel under stretching, followed by mechanical failure at the necking point ( fig. S2B and movie S2). The self-healing property of PVA hydrogel derives from the hydrogen bonding between the -OH groups (27) . By adding MXene into the PVA hydrogel, the abundant surface functional groups can provide additional hydrogen bonding sites ( fig. S3B) , which, in turn, enhance self-healability.
To understand the 3D network structure of MXene nanosheets in the hydrogel matrix, 3D TEM tomography was conducted. This method uses a series of TEM images of M-hydrogel (thickness of 100 nm; Fig. 1D ) that are captured with varying tilt angles from −68°to +68°at two-degree intervals (movie S5) and with a depth of focus ranging from −50 to 50 nm (movie S6). It is clear that MXene nanosheets in the hydrogel matrix adopt random spatial orientations, and most interconnections between nanosheets exhibit surface-edge characteristics ( Fig. 1, E and F) .
The electromechanical responses of the M-hydrogel to tensile and compressive deformations have been characterized (Fig. 2, A and B) . Under tensile deformation, the resistance increases, and the fractional resistance change (R − R 0 /R 0 ) of M-hydrogel heightens with increasing strain. Moreover, the sensitivity defined as the gauge factor (GF = DR/R 0 ·e) of the M-hydrogels increases from 2 to 25 as the MXene weight percentage increases from 0 to 4.1% ( Fig. 2A, inset ). This sensitivity is substantially higher than that of other reported hydrogel-based strain sensors (8, 12, (29) (30) (31) (32) (33) . Table S1 0 to 0.5%, but they decrease from 80 to 21 in the strain range of 0.5 to 3% (Fig. 2B, inset) . This performance reveals a trend and GF value (80 at 0.5% strain) that are comparable to those of the recently reported MXene thin film-based piezoresistive sensor (94.8 at 0.82% strain), the resistance of which changes because of reduced contact resistance between MXene sheets induced by compression (21) .
We mainly attribute the significant differences in electromechanical properties under tensile and compressive deformation in M-hydrogel to the 3D network structure of the MXene nanosheets embedded within the hydrogel matrix. Under tensile deformation, the resistance increases as a result of the geometry of the M-hydrogel, wherein the spacing between the MXene nanosheets increases and consequently reduces their chances of making contact in the hydrogel matrix. In contrast, under compressive deformation, the geometry of the M-hydrogel becomes shorter, ultimately leading to less separation between MXene sheets and improving the likelihood of the MXene nanosheets making contact. As a further result, the M-hydrogel resistance decreases. Moreover, as SEM characterization has indicated, the surface morphology of M-hydrogel exhibits a high concentration of protruding MXene nanosheets due to their randomly oriented 3D network structure (Fig. 2C) . However, the number of protruding nanosheets evidently decreases when the M-hydrogel is laterally stretched (Fig. 2D) . Thus, compression not only prompts geometrical changes and an increase in interconnection points but also transforms face-to-edge interconnections into face-to-face interconnections, as Fig. 2 (E and F) demonstrates. Increasing compressive strain further reduces the gaps between the face-to-face interconnected MXene nanosheets, and more surface contacts are established between MXene sheets. For these reasons, compressive deformation has a more marked impact than tensile deformation on the resistance of the hydrogel.
We demonstrated the viscoelastic property of M-hydrogel by testing its electric response to local deformation ( fig. S5A ). When we pushed a polydimethylsiloxane tip against the M-hydrogel surface, the resistance increased as a result of the geometric effect due to the immersed tip, as fig. S5B (blue curve) demonstrates. At low speed, the deformation could be fully recovered ( fig. S5D , orange and blue curves); however, when the pushing speed was increased, the resistance could not recover its initial value because of the formation of residual deformation ( fig. S5C, inset) under high-speed movement ( fig. S5D, red curve) . This phenomenon is due to the viscoelastic property of materials such as hydrogels, and it is usually considered a disadvantage of their application in strain sensors.
However, when combined with the anisotropic response to compressive and tensile strains, it is possible to observe interesting sensing capabilities using the M-hydrogel. To test this, we first measured the resistance change of M-hydrogel while a spherical object moved along its surface. We defined the direction of the electric current as the x axis and the direction vertical to the electric current on the M-hydrogel surface as the y axis [ Fig. 3 (A and B) , inset schematics]. The resistance increased when the object moved in the y direction (Fig. 3A) . Conversely, the resistance decreased when the object moved in the x direction (Fig. 3B) . We attribute this phenomenon to the anisotropic response of M-hydrogel to tensile and compressive strains, as discussed in the previous paragraph (that is, movement in x direction exerts predominantly compressive strain that reduces resistance, whereas movement in y direction exerts a predominantly tensile strain that increases resistance). To test this hypothesis, we measured the resistance change of the M-hydrogel undergoing the same amount of tensile and compressive deformation (Fig. 3C and fig. S6 ). When a conducting copper plate was moved along the M-hydrogel surface to either side in the x direction (Fig. 3C, inset) , the resistance of the M-hydrogel was reduced, which indicates that motion in the x direction induces a predominantly compressive strain response. In comparison, motion along both the x and y axes yielded increased resistance on the pristine hydrogel surface ( fig. S7, A and B) . This sensitivity to motion directions can be used for electronic skin applications. To demonstrate, we have determined that the M-hydrogel can distinguish between a rectangular trace ( fig. S7C) and a circular trace (fig. S7D ) left by motions on the surface of M-hydrogel, whereas pristine hydrogel cannot ( fig. S7 , E and F).
Apart from movement direction, M-hydrogel can also sense motion speed, as evidenced by a model experiment in which we rolled a cylinder down a slope with the M-hydrogel surface (Fig. 3D) . The mean velocity of the cylinder passing through the M-hydrogel surface was controlled by the initial position of the object on the slope. The resistance change of M-hydrogel exhibited three distinct regions as the object (cylinder) was rolled down its surface (Fig. 3E) . The resistance change curve first displayed upward peaks when the rolling cylinder reached the M-hydrogel (region "I"), which is similar to the response obtained from vertical deformation ( fig. S5 and Fig. 3A ). The resistance change curve then exhibited a wide downward peak (region "II"), which corresponds to the velocity of the rolling cylinder exceeding the relaxation speed ( fig. S8 ). Finally, M-hydrogel returned to the initial resistance value after the rolling cylinder escaped from the M-hydrogel surface. As the mean velocity of the object increased, the peak height in region II rose, and the span of the region II decreased (Fig. 3F) . In comparison, pristine hydrogel does not present peaks in the region II (Fig. 3E, blue curve) , which reinforces the role of MXene in speed sensing. The unique response of the M-hydrogel to motion speed and direction indicates interesting and promising sensing capabilities from the addition of MXene nanoflakes into the hydrogel matrix, especially for complex and subtle motions.
Next, we demonstrate for the first time that the M-hydrogel can be used as a sensing material to detect various bodily motions (hand gestures and facial expressions) and to monitor vital signals (human pulse). Because of its uniquely soft, sticky, and stretchable characteristics, M-hydrogel can readily adhere to various positions on the human body with complex 3D geometry (hand, neck, face, etc.) without adhesives. First, M-hydrogel was attached to the index finger and reflected a 20% resistance change when the finger was bent. The signal was clear and stable under both fast and slow bending motions (Fig. 4A) . More complex gestures involving full hand motions were readily detected by adhering the M-hydrogel to the knuckle. The gestures for "zero," "one," "two," "three," "four," and "five" each yielded a distinct resistance value, and the signals were fully recoverable, as Fig. 4B demonstrates. When mounted over the carotid artery, delicate waveforms that depict the pulse with a characteristic double peak and dicrotic notch along with other fingerprint signals that allow for accurate pulse monitoring (Fig. 4C) were detected. When adhered to the middle of the forehead, facial expressions, such as smiling and frowning, could be distinguished (Fig. 4, D and E) .
M-hydrogel's unique capabilities for sensing motion speed and direction as discussed above have enabled certain advanced sensing applications. First, M-hydrogel was used as the sensing film for signature recognition (Fig. 5A) . Because individual handwriting involves a set of unique characteristics, including the force, speed, and sequence of the writing, M-hydrogel produces a complex and unique waveform for even a simple signature (Fig. 5B) . Even the same simple word "OK" exhibits significantly different waveforms when written by two individuals (Fig. 5, C and D) . In comparison, pristine hydrogel yields similar pattern of signals for OK when written by the same two test subjects ( fig. S9, A and B) , which reflects a remarkable potential of M-hydrogel for anticounterfeiting applications. M-hydrogel has been further used to detect another vital signal that urgently requires accurate monitoring, namely the phonatory process (voicing). When attached to the laryngeal prominence, or "Adam's apple," M-hydrogel produces stable and unique patterns for the voices of test subjects. As Fig. 5  (F to H) indicates, even similarly sounding single syllables, such as "B," "D," and "E," produce easily distinguishable patterns that are superior to those of previous reports (8, 34, 35) and from pristine hydrogel ( fig. S9, C to E) . This result is due to the sensitivity of M-hydrogel to subtle vibrations related to the laryngeal prominence and surrounding skin. The impressive sensing capability of M-hydrogel on phonation via the electromechanical approach could present an opportunity for us to "hear" the vocally impaired.
DISCUSSION
In summary, we have developed an MXene (Ti 3 C 2 T x )-based PVA hydrogel with excellent sensing capabilities. Adding MXene nanosheets with multiple surface functional groups into the PVA hydrogel can result in outstanding stretchability and instantaneous self-healability. The combination of the high sensitivity of MXene nanosheets, the anisotropic response of M-hydrogel to compressive and tensile strains, and its viscoelastic properties characterize the obtained composite hydrogel as an interesting sensing material that can conveniently detect motion direction and speed on its surface. Based on this effect, advanced sensing applications that involve subtle changes in motion speed and traces, such as handwriting, facial expressions, and vocal signals, can all be detected with high accuracy and sensitivity.
The unique sensing capability demonstrated in this work can be extended to other sensing applications that involve 3D motions, including touch sensing and biosignal monitoring. With its excellent stretchability, adhesiveness, and conformability, M-hydrogel is a promising material for wearable electronics, soft robotics, and artificial skin. The simple fabrication method promises a whole range of composite hydrogelbased sensing materials.
MATERIALS AND METHODS
Synthesis of MXene (Ti 3 C 2 T x ) nanosheets and M-hydrogel Ti 3 C 2 T x MXene was synthesized following the LiF/HCl method (28) . The etching solution was prepared by adding 1.5 g of LiF to 10 ml of 6 M hydrochloric acid, followed by stirring for 5 min. Then, 2 g of Ti 3 AlC 2 powder was slowly added to the etchant at 35°C and stirred for 24 hours. The acidic suspension was washed with deionized water until a pH value of 6 was reached via centrifugation at 3500 rpm (5 min per cycle) and decanting of the supernatant after each cycle. The MXene nanosheets were collected via centrifugation at 3500 rpm for 5 min.
The M-hydrogel was prepared in the following way: First, MXene paste was obtained from centrifugation at 8000 rpm for 60 min of the obtained MXene suspension and collecting the sediment. Second, MXene paste was spread on pristine crystal clay, the mixed hydrogel was then rolled into a ball and flattened by hand, and the process was repeated three to five times until the color of the mixture became uniformly black, as shown in Fig. 1B . The weight percentages of M-hydrogels were determined as the dried weight of MXenes divided by the total weight of the corresponding M-hydrogel.
Characterizations of MXene and M-hydrogel
The XRD patterns of MXene were measured with a powder XRD (Bruker, D8 ADVANCE) with Cu Ka radiation (l = 0.15406 nm). The surface morphology of M-hydrogel samples was characterized with field-emission SEM of the model Nova NanoSEM from Thermo Fisher Scientific. The structure of the MXene nanosheets was studied with a TEM of the model Titan Themis Z, also from Thermo Fisher Scientific. The microscope was equipped with an image corrector to minimize the effect of spherical aberration on the TEM images. In this way, several lowmagnification and higher-magnification images were acquired in brightfield TEM (BF-TEM) mode along with selected-area electron diffraction (SAED) patterns. The BF-TEM images revealed the size of the nanosheets to be several micrometers, while the SAED patterns confirmed the hexagonal crystal structure of MXene.
The 3D structure of M-hydrogel was investigated through the technique of electron tomography (ET) that is available in another TEM of the model Titan 80-300 CT, again from Thermo Fisher Scientific. ET experiments were performed in BF-TEM mode that acquired the tilt series by using the Xplore3D tomography software package. Note that the sample was tilted from −68°to +68°, and images were captured at two-degree initial intervals under the Saxton scheme. The acquired tomo series was then aligned and reconstructed with the Inspect 3D software package. It is pertinent that the simultaneous iterative reconstruction tomography scheme has been used to reconstruct the data sets to enhance the image contrast of volume slices (or tomograms). 3D rendering models were generated with the segmentation tools implemented in Avizo Fire 8.0 software. The Raman spectra were collected with a microRaman spectrometer (LabRAM Aramis) equipped with a long working distance 50× objective lens (LMPLFLN50X, Olympus) using a Cobolt laser (633 nm, 5 mW at source).
Electromechanical measurements
Electromechanical measurements for both tensile and compressive tests were performed on M-hydrogel (4.1 wt %) and pristine hydrogel samples using Keithley KE4200-SCS in the two-probe mode. The tensile samples were rolled into the desired shape with dimensions measured by electronic Vernier calipers. For electromechanical tensile tests, specimens with a gauge length of L 0 = 25 mm and a diameter of D 0 = 5 mm were strained at a rate of 0.2 mm/s until reaching tensile strain of~45%. A syringe filled with M-hydrogel (4.1 wt %) was used for electromechanical compressive tests ( fig. S2 ). The gauge length and diameter of the M-hydrogel in the syringe were 15 and 10 mm, respectively. The resistances were measured at steps of 0.2 mm with a diminishing gauge length. For electromechanical tests, contact was made by placing copper wire leads 5 mm inside each end of the sample.
M-hydrogel/pristine hydrogel-based mechanical sensors for bodily motion sensing M-hydrogel with 4.1 wt % of MXene nanosheets was used to sense bodily motions. Both ends of the M-hydrogel were connected to Keithley KE4200-SCS via copper wires. To sense the finger-bending motion, 2.5 g of M-hydrogel was placed on the index finger as shown in the inset of Fig. 4A , and resistance changes were measured when the finger was repeatedly bent and released. For the detection of full hand gestures in Fig. 4B , 5 g of M-hydrogel was rolled into a rectangular shape (length × width × thickness of 120 mm × 15 mm × 3 mm) and adhered to the knuckle of a clenched fist. After that, the resistance change over time was monitored from each hand gesture. To measure human pulse, 2.5 g of M-hydrogel was mounted over the carotid artery of the neck of the test subject. The same amount of M-hydrogel was applied for the detection of facial expressions. M-hydrogel or pristine hydrogel was adhered to the middle of the forehead of the volunteer, and the resistance change was measured from repeated smiling and frowning expressions, which were maintained for about 2 s at an interval of approximately 5 s.
M-hydrogel/pristine hydrogel-based sensors for signature and vocal recognition First, an EcoFlex frame (length × width × thickness is 180 mm × 45 mm × 3 mm) with a central cavity (105 mm × 15 mm × 1 mm) was fabricated to contain M-hydrogel (4.1 wt %) and pristine hydrogel, respectively. The EcoFlex frame was adopted to confine hydrogels during testing, thereby improving the sensing reliability. Two copper-pad electrodes with a size of 15 mm × 5 mm were fixed to the ends of the cavity to ensure stable contact between hydrogels and Keithley KE4200-SCS, connected by copper wires. A polyethylene terephthalate (PET) film of 0.1-mm thickness protected the hydrogels to prevent mechanical failure and reduce friction force from the pencil during writing (Fig. 5A) . Hydrogels contained in the same EcoFlex frame were used for vocal recognition without the PET protection film. These sensors were attached to the laryngeal prominence with the skin exposed to the surface of the hydrogels (Fig. 5E ).
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